The aptamer database is designed to contain comprehensive sequence information on aptamers and unnatural ribozymes that have been generated by in vitro selection methods. Such data are not normally collected in`natural' sequence databases, such as GenBank. Besides serving as a storehouse of sequences that may have diagnostic or therapeutic utility, the database serves as a valuable resource for theoretical biologists who describe and explore ®tness landscapes. The database is updated monthly and is publicly available at http://aptamer. icmb.utexas.edu/.
INTRODUCTION
Functional nucleic acids can be selected from random sequence libraries. In general, in vitro selection mimics natural selection, in that a pool of heritable diversity is generated (typically by chemical synthesis), the pool is sieved for binding or catalysis, and successful variants are preferentially ampli®ed by some combination of reverse transcription, PCR and in vitro transcription (1±5) This process has also been described as the Systematic Evolution of Ligands by EXponential enrichment or SELEX (6) . Nucleic acid binding species generated by in vitro selection have been referred to as aptamers (7) . Aptamers can be RNA, modi®ed RNA, singlestranded DNA or double-stranded DNA, and have been selected to bind targets ranging from small organic molecules to entire organisms. Novel nucleic acid catalysts can also be selected, in general by modifying selection schemes so that variants that make or break covalent (rather than noncovalent) bonds are selectively retained in the population (8±11). Since its introduction over 10 years ago, in vitro selection has been widely adopted as a tool for the development of research reagents, and shows promise for the generation of diagnostic and therapeutic agents (2,12±14) .
The Aptamer Database is not only extremely useful both for identifying what aptamers and unnatural ribozymes already exist, but also for garnering information about in vitro selection experiments as a whole and for better understanding the distribution of functional nucleic acids in sequence space and the topographies of ®tness landscapes. We have collaborated with theoretical biologists for several years on analyses of the Aptamer Database, and now wish to make this resource much more widely available. In addition, comparative sequence analysis tools should facilitate mappings between natural and unnatural sequence spaces, ultimately providing insights into both. For example, selected transcription factor binding sites have proven to be similar to and predictive of natural transcription factor binding sites (15±18).
Like other types of sequence data, the amount of sequence data generated by in vitro selection experiments has been accumulating exponentially. The sheer number and diversity of selection experiments has risen to the point where it is now essential to gather all the sequence data into a comprehensive, continuously updated database. Unfortunately, GenBank and other sequence databases do not have extensive collections of non-natural sequences, and journals do not typically require the entry of non-natural sequences into these databases. We have now privately maintained the Aptamer Database for 2 years, and expand its content on a monthly basis.
Another database, the SELEX_DB, also contains some information from in vitro selection experiments (19, 20) . However, the SELEX_DB focuses on in vitro selection experiments that have helped to de®ne natural DNA and RNA recognition sites for proteins, rather than including the entire repertoire of in vitro selection experiments. While there is some overlap between the two sites, the Aptamer Database is in general more complete, and contains entries from 239 published in vitro selection experiments; in contrast SELEX_DB has entries from only 116 publications. The focus of the SELEX_DB on known binding sites ultimately limits its utility for exploring connections between selection experiments and the natural world. For example, natural aptamers that can bind ligands and regulate gene expression (so-called`riboswitches') have been discovered by Breaker and his co-workers (21±23), and the sequences of both riboswitches and aptamers that bind cyanocobalamin can be readily compared using the Aptamer Database.
DATABASE CONTENT
At present, the Aptamer Database contains sequences drawn from 239 published in vitro selection experiments. Each entry is described by the following ®elds: Author (last name, ®rst name and middle initial for each author); Title; Medline (accession number and a direct link to the PubMed record); Target name (the name of the ligand that was used for the *To whom correspondence should be addressed. References to and sequences from in vitro selection experiments can be searched by providing speci®c queries relevant to one of the ®elds such as author name, target name, type of target, type of pool and so forth, as shown in Figure 1A . In this example the database is being searched for a given Target, thrombin (24) . Once the user makes a selection, the results will show all those papers that match the criteria supplied as shown in Figure 1B . The user can then hone in on the information in one or more particular publications, as shown in Figure 1C .
The database is updated monthly as new papers on the in vitro selection of aptamers or unnatural ribozymes become available. Initially, older papers were chosen for entry based on using the keywords`aptamer' and`SELEX' with the PubMed search engine. Additional searches with the same keywords were also conducted using the SciFinder search engine (available at http://www.cas.org/SCIFINDER/ scicover2.html). Pubcrawler (25) is utilized for monthly updates using the keywords`aptamer' and`SELEX.' At present, data are entered manually. Each sequence is entered in the database template twice and the entries are compared to ensure accuracy. While we have attempted to use optical character recognition (OCR) software, it has proven both inef®cient and inaccurate, since the formats of published data are very different from one another.
While we have attempted to make the database as complete as possible, we recognize that some selection papers have been published without appropriate or standard keywords, and thus that some literature may have been overlooked. We include older references as they are brought to our attention. In addition, one of our prime considerations in publishing the Aptamer Database is to facilitate the entry of data by authors and users, and have provided a template for data entry available for download at http://aptamer.icmb.utexas.edu/ submit.html. Only data that have been peer-reviewed in conjunction with a publication will be accepted in the database.
DATABASE ANALYSIS
Given that aptamers and unnatural ribozymes were derived from random sequence libraries, it is interesting to consider whether functional sequences globally resemble unselected sequences, or whether there are particular qualities that functional sequences have in common. This question is more than just academic, in that a bias in sequence composition or function could help to inform genomic searches for natural, functional RNA molecules (26±28). In this regard, a base composition analysis of all the sequences from the database reveals that there is a slight statistical skewing towards G and C (p value < 0.01) in the base compositions of RNA aptamers and ribozymes relative to completely random sequences (equimolar A, C, G and U; Fig. 2 ). As Schultes et al. (29) have observed previously, functional sequences, whether natural or unnatural, appear to have a slight preponderance of guanosine and cytidine. Interestingly, while the content of (G+C) appears to be similar for aptamers and ribozymes, ribozymes contain proportionately more U (and less A) than aptamers (p value < 0.01). Beyond demonstrating that functional nucleic acid sequences of all sorts have particular sequence characteristics, these broad sequence analyses may inform the design of random sequence pools for selections; for example, it may be useful to skew the composition of a pool for the selection of ribozymes to a G:A:U:C ratio of 0.28:0.22:0.24:0.26. Since many selected ribozymes differ completely in sequence and function and cannot be aligned, this sort of analysis could be made much easier with the Aptamer Database.
The collected availability of sequences in the database also facilitates other global analyses. For example, we exported all of the RNA aptamer and ribozyme sequences and analyzed their potential for forming secondary structures using the program RNAfold from the Vienna RNA package (30) . The minimum free energy algorithm in RNAfold is based on the dynamic programming algorithm developed by Zuker et al. (31) . The Zuker algorithm only generates minimum free energy structures. Another alternative would have been to look at the ensemble of lowest energy structures. Lawrence and his co-workers have conducted a study that compared the reliability of different RNA structure prediction algorithms (32) . Probability models that generate ensembles, such as McCaskill's algorithm (33) , did prove to be a better predictor of the structures of longer sequences. However, for shorter (<120 nucleotides) sequences, the improvements in structure prediction were modest and could primarily be attributed to the inability of the Zuker algorithm to take into account pseudoknots, a motif that is generally dif®cult to predict for any algorithm. In the end, the comparative analysis (32) con®rmed that the Zuker minimum free energy method was very reliable for structure prediction. This method should be particularly appropriate for obtaining a general overview of the structural characteristics of the short selected sequences found in the database.
We counted the fraction of paired nucleotides in folded aptamer and ribozyme structures, and analyzed whether they were signi®cantly different from the fraction of paired nucleotides in folded randomized structures. In this instance, the fraction of base pairs found in selected aptamer and ribozyme sequences is statistically greater than the fraction found in randomized versions of the same sequences as shown in Figure 3A (p value < 0.01). In addition, in selected sequences, G:C pairings are more abundant than the A:U or G:U pairings, as shown in Figure 3B 
natural sequences have suggested that G:C pairings are required to stabilize and present protein binding sites (34±36).
The sequence and structural comparisons we have carried out were relatively simplistic, they justify the contention that nucleic acids selected in vitro possess attributes similar to those of sequences found in nature. The Aptamer Database should continue to be a well-utilized source for such comparisons; for example, as new sequence or structural motifs are found, such as the well-characterized tetraloop sequences that have been found to stabilize natural RNA sequences (37±39), their prevalence and utility can be further con®rmed by an unbiased search of the Aptamer Database.
DATABASE AVAILABILITY
The current version of our database can be viewed at http:// aptamer.icmb.utexas.edu. Inquiries concerning the database should be directed to aptamer@ellingtonlab.org.
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